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This paper presents a compound propulsion system with a high-speed permanent- magnet synchronous motor (PMSM) and two in-
wheel motors for electric vehicles (EVs). In this study, the longitudinal dynamics model of EVs is firstly presented. Then traction distribution 
ratio α is introduced to express the traction distribution between the front and the rear axle. Moreover, the function of power consumption in concerned 
with the traction distribution ratio α is established. Therefore, the α that minimize the power consumption function is selected as the optimal traction 
distribution ratio. To improve the performance of motor controllers, the model predictive torque control (MPTC) method is employed for high speed 
and in-wheel motor drives. Experimental comparison with field-oriented control (FOC) shows the advantages of MPTC in dynamic response. Finally, 
experimental comparisons and HiL tests are presented to verify the MPTC method and the proposed energy allocation method, respectively. 
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I. INTRODUCTION 
ith the development of society and economy, 
environment deterioration and energy shortage are 
getting more and more concerns. Energy conservation, 
emission reduction and improving the efficiency of drive 
system under limited battery capacity have become 
increasingly important. However, the advantage of the motor 
drive system cannot be fully utilized as electric vehicles 
adopts the single power source structure as traditional vehicles 
[1], [2]. In order to improve the energy efficiency of electric 
vehicles, propulsion system with multiple traction motors can 
be adopted. Multi-motor propulsion system can be divided 
into two types, the four in-wheel motor distributed propulsion 
system and the front and rear dual motor distributed 
propulsion system. In [3], R. Wang conducts motor dynamics 
experiments using four independently driven in-wheel motors 
and analyzed the energy efficiency characteristics of the wheel 
motors based on experimental data. Then, an energy 
distribution method for improving the efficiency of four in-
wheel vehicles is proposed. In [4] and [5], N. Mutoh presents 
the torque distribution strategy of micro-electric vehicles 
driven by different types of motors in front axle and rear axle. 
Then the misalignment model of the motor in the constant 
torque and weak magnetic region are studied, respectively. 
This strategy can improve the efficiency of motors with 
different speed range. In [6] and [7], Y. Chen proposes a dual-
drive system with speed and torque coupling. Aiming at 
optimizing the 100-km acceleration time and driving distance, 
quantum genetic algorithm is used to optimize the parameters 
of the dynamic system. As each motor in the four in-wheel 
motors system can be independently controlled, the dynamics 
performance of vehicle in this scheme is better than in dual-
motor driven system. However, serious safety accidents may 
be caused, if an in-wheel motor or a motor drive fails at high 
speed. 
In this paper, a composed propulsion system with a high 
speed PMSM for the front axle and two in-wheel motors for 
the rear axle is proposed. While, since the in-motor needs to 
be embedded in the wheel hub, the motor size needs to be 
reduced. Due to the advantages of high efficiency, high torque 
density, and widely speed range [8-11], the permanent-magnet 
synchronous motor (PMSM) is considered as a suitable type 
of drive motor for in-wheel motors. 
The field-oriented control (FOC) method is commonly used 
for PMSM control. The FOC system usually utilizes cascade 
control loops with several PI controllers for speed, position 
and torque control [12], [13]. Due to the advantages of simple 
algorithm, good robustness and high reliability, the FOC 
method has been widely employed in PMSM cntrol. However, 
the cascade structure has its drawback in restricting the overall 
performance optimization control and disturbance 
compensation [14-18]. In order to improve the performance of 
motor drives, the model predictive control (MPC) approach 
has been developed in recent years. MPC uses mathematic 
methods to predict the state of the motor at next period 
according to the motor model, and then the voltage vector of 
inverter that can minize the cost function will be selected as a 
controller output during the next control period [19-25]. There 
are two types MPC methods usually adopted in motor drives, 
the model predictive current control (MPCC) method, and the 
model predictive torque control (MPTC) method. In [25], 
comparions between MPTC and MPCC have been carried out 
and the advantages of MPTC in reducing torque ripples and 
improving response speed have been pointed out. 
In this paper, the MPTC method is employed to control in-
wheel motors and the high speed motor. Experimental 
comparisions with FOC in torque tracking and disturbance 
rejection conditions have been presented. Moreover,  
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hardware-in-loop (HiL) tests are presented to verify the energy 
efficiency of the proposed propulsion system. 














Fig. 1. Vehicle longitudinal dynamics 
 
The torque of motors is mainly related to the load of the 
vehicle in the forward direction, so the longitudinal dynamics 
model of the vehicle is mainly concerned. As shown in Fig. 1, 
the vehicle is moving on a road with the slop of θ at the speed 
of Vx. The longitudinal dynamics of this vehicle can be 
described as  




where Fxf，Fxr, and Faero are the tire traction force of the front, 
the rear wheels and the aerodynamic drag force, respectively, 
Rf and Rr are the rolling resistance of the front and rear wheels, 
respectively, M is vehicle mass; and g is gravity constant. 
Some parameters of the vehicle are listed in table Ⅰ. 
Table Ⅰ 
Parameters Value Unit 
Vehicle mass 900 Kg 
Wheelbase 2.2 m 
Wheel radius 0.275 m 
Transmission ratio 4.75  
 
The aerodynamic drag force Faero can be expressed as 
 20.5 ( )aero d d F x windF C A V Vρ= +  (2) 
where ρd is the density of air, Cd is the aerodynamic drag 
coefficient, AF is the frontal area of the vehicle, and Vwind is the 
wind velocity in the opposite direction of vehicle velocity Vx. 
The dynamic equation of a single wheel is expressed as: 
 , , 0 , ,W f r f r b xf xr R f rI T T R F Mω ζω= − − − −&  (3) 
where Iw is the tire rotational moment of inertial, ωf,r is the 
front or rear tire rotational speed, Tf,r and Tb represent traction 
torque and braking torque of front wheel or rear wheel, 
respectively, Fxf,xr is the longitudinal tire–road friction force, 
MR is the moment of rolling resistance, and ζ is the damping 
coefficient. Since the torque of the front wheel motor is 
transmitted to the wheels through the transmission system 











The proposed propulsion system is shown in Fig. 2, and its 





















Fig. 2 Distributed propulsion system 

















Fig. 3 Block diagram of the propulsion control system 
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where α and (1-α) denote the traction force distribution ratios 
of the front high speed PMSM and rear in-wheel motors, 
respectively. Two in-wheel motors are considered under the 
same traction condition. 
The total instantaneous power consumption of three motors 




( , ) ( , )
( , ) ( , )
1
, ,
f f r r
total f r
f f f r r r
xf x xr x




T TP P P
T T
F V F V


















where ( , )f f fTη ω  and ( , )r r rTη ω stand for the efficiency of the 
high speed PMSM and in-wheel motors at their respective 
operation points, respectively. 
It should be noted that, the total power consumption of the 
propulsion system is determined by total traction force Fx, 
vehicle speed Vx, and the traction force distribution ratio α. 
Therefore, the efficiency of the multi-motor drivn system can 
be optimized by selecting an appropriate α value for each 
operation point (Fx，Vx）, as described in (7) 






















⋅ ≤ ⋅  
 






The optimal α can thus be obtained by solving the above 























Fig. 4 Optimum traction distribution ratio at different torque and speeds 
IV. MOTOR CONTROLLER 
A. Dynamic Equations of PMSM 
Different from traditional single-motor-driven electric 
vehicles, the multi-motor-driven electric vehicle can distribute 
the traction torque more efficiently. Therefore, the motor is 
required to have a higher response speed. Model predictive 
control is widely recognized as a high-performance control 
strategy of PMSM drives due to its quick response and simple 
principle. While MPTC shows that it is more superior than 
MPCC at improving system dynamic characteristics. 
The model of a surface maintained PMSM in dq-axis rotor 
frame can be written as  
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where , , , , ,d q d q d qu u i i ψ ψ  are the voltages, currents and 
magnetic flux of stator in dq-axis, respectively. Rs and L 
represent the stator resistance and inductance, respectively. ωe 
is electromagnetic angular velocity, and. fψ  is the permanent 
magnet flux linkage. 
A discrete-time model of a surface mounted PMSM is 
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Thus, the flux linkage and the torque can be calculated 
directly by obtaining the stator current at time k+1. As follows: 
 ( )1k k k k jss s s s s f
s
T
i i u R i j e
L
θωψ+ = + − −  (11) 
The estimation value of 1ksψ
+  and 1kmT
+  are utilized for the 
prediction process. The voltage kqu  is implemented by the 
inverter at sampling instant k. 
B. Principle of MPTC 
While in practical implementation, due to various delay of 
digital control system, the selected controller output can not be 
applied to the system until the next instant. This phenomenon 
will degrade the control performacne of the system especially 
when the sampling frequency is low. Therefore, it is necessary 
to compensate the impact of one-step delay. 
Stator current at time k+1 can be calculated from equation 
(11), and when it is used to calculate torque and flux instead of 
the current isk, the delay impact will be compensated. 
However, in order to compensate the one-step delay more 
effectively, the accuracy of current prediction need to be 
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 (12) 
The cost function is usually concerned with control targets. 
In EVs, motor controllers are supposed to minize the flux and 
electromagnetic torque tracking error. 
 * *p pm m s sJ T T Qψ ψ= − + −  (13) 
where Q is a weighting factor that represents the importance 
of flux linkage tracking in comparison to torque tracking. For 
a two-level inverter, there are only eight voltage vectors 
(including two null vectors). The best voltage vector that 
minize the above cost function will be applied in the next 
control period. The block diagram of proposed MPTC is 
shown in Fig.5. 
 
Fig. 5 Block diagram of MPTC 
V. EXPERIMENTS 
To validate the performance of MPTC controller, 
comparision experiments with traditional field oriented control 
(FOC) method have been carried out. Experimental setups 
shown in Fig. 6 and Fig. 7 are used to test in-wheel motor 
controller and high speed PMSM controller, respectively. The 
test bench consisits of a dSPACE DS1401 PPC, a torque 
sensor, and a magnetic power brake. In order to faciliate the 
comparision, in-wheel motor controllers and high speed 
PMSM controller are set to cope with the same traction torque 
conditions.  
First, the vehicle starts acclerating at 0.3s with an 
acceleration of 2m/s2, and the resistance variation are ignored 
and α is set to 0.6. And the traction torque of high speed 
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Dynamic response of in-wheel motor and high speed 
PMSM in acceleration condition for MPTC method and FOC 
method are recorded in Fig. 8. 
Next, the motor controllers are tested against sudden 
external disturbance variations. That is, after the torque of the 
high speed PMSM and in-wheel motor is stable, a external 
torque of 10 N·m for 0.1 s is applied to them. The torque 
response under this condition are presented in Fig.9 for MPTC 
method and FOC method. 
 
Fig. 6 Experimental setup for in-wheel motor 
 
 
Fig. 7 Experimental setup for high speed PMSM 






































Fig. 8 Experimental results of torque dynamics in acceleration condition (a) In-
wheel motor (b) High speed PMSM 
 
Figs. 8 and 9 show the torque response comparisions of the 
conventional FOC and MPTC under acceleration condition and 
external disturbance condition, respectively. As can be 
observed from Fig. 8, when the reference torque is changed in 
0.3s, the MPTC in-wheel motor drive takes 0.012s to adjust, 
while the settling time of FOC in-wheel motor drive is around 
0.023s. It can also be noted that, the MPTC high speed PMSM 
drive can reduce 50% time for adjustment compared to the 
FOC high speed PMSM drive. As shown in Fig.9, when 
external disturbance occurs, the MPTC drive can not only 
reduce the settling time, but also supress overshoot more 
effectively. The advantage of MPTC in fast response can 
improve the acceleration performance of the vehicel directly. 
Morever, as α changes according to working conditions, MPTC 
can help the motor drives to implement the torque distribution 
strategy more effectively, and the energy consumption can thus 
be reduced. 






























Fig. 9 Experimental results of torque dynamics in external disturbance condition (a) 
In-wheel motor (b) High speed PMSM 
 
Parameter perturbation and permanent magnet 
demagnetization are difficult to simulate, thus HiL test is 
performed to verify the performance of the proposed traction 
allocation method for the compound EV propulsion system. 
HiL test setups are shown in Fig. 10. In addition, the simulink 
model of the vehicle dynamics and battery management 
system (BMS) are also combined for energy management. 
In order to highlight the superiority of the proposed traction 
allocation method in energy efficiency, comparision tests in 
the Urban Dynamometer Driving Schedule (UDDS) with a 
evenly distributed method have been carried out. With the 
evenly distributed method, the traction force distribution ratio 
α is 0.5, i.e., Fxf = Fxr = 0.5Fx. 
 
 
Fig. 10 HiL setup 
 
Fig. 11 shows the changes of SOC during UDDS. It can be 
noted that after 5 UDDS, the proposed energy allocation 
method can save more than 6% energy than the evenly 
distributed method.  
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Fig. 11 Changes of SOC 
VI. CONCLUSION 
This paper presents a MPTC method for a multi-motor 
driven EV with a high speed PMSM and two in-wheel 
PMSMs. Moreover, the optimal energy allocation is also 
considered in this study. The optimal force distribution ratio 
changes according to the driving condition. Thus, a quick 
respose of motor is required. Experimental tests show that the 
superiority of MPTC in response speed compared to 
traditional FOC method. Finally, the HiL tests are carried to 
verify the advantage of the proposed energy allocation method 
in energy efficiency compared with the evenly distributed 
method. 
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